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Abstract 
Semiconducting transition metal dichalcogenides (TMDCs) have attracted intense research 
interest in recent years, due to their many unique electrical, optical, and mechanical properties 
and their potential for diverse applications. One of the key challenges in 2D TMDC electronics is 
to synthesize high-quality and large-scale monolayer TMDCs.  
In this thesis, I have systematically investigated the growth of MoS2 and WSe2 using chemical 
vapor deposition (CVD) and metal-organic chemical vapor deposition (MOCVD) methods. I 
studied the impact of the growth conditions, including temperature, pressure, gas flow rate, 
precursor type, precursor quantify, the position of the solid precursor, and seed layer dispersion, 
on the morphology of the MoS2 and WSe2 film. Optical imaging, Raman and photoluminescence 
(PL) spectroscopy, and atomic force microscopy (AFM) were used to measure the synthesized 
film. Electronic devices including transistors, Hall-bars and transmission line microstrips 
(TLMs) were fabricated. Current transport of these devices was measured at various 
temperatures. Based on the systematic investigation and process optimization, we were able to 
successfully grow monolayer WSe2 with grain size up to 30 micrometers. At room temperature, 
the carrier mobility reaches 7.5 cm2/V-s.  In addition, we have successfully grown MoS2 using 
gas phase precursor H2S and molybdenum hexacarbonyl (MHC) for the first time. These gas 
phase precursors can potentially enable wafer scale growth of TMDCs.   
This study provides comprehensive information and in-depth understanding of the synthesis of 
WSe2 and MoS2 using CVD and MOCVD methods. The resulting monolayer WSe2 and MoS2 
materials provide a solid material foundation for future study of the electronic and photonic 
devices based on these materials. These novel devices will have a broad range of applications in 
computing, communication, and biomedicine. 
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1. Introduction 
1.1 Monolayer MoS2 by metal-organic chemical vapor deposition (MOCVD) 
Metal-organic chemical vapor deposition (MOCVD) is a method to realize ultra-thin films 
deposition [1]. Previously, MOCVD was applied to various types of growth of semiconductor 
material. It is widely applied because of the comparatively excellent quality of material 
synthesized from MOCVD. Recently, the monolayer of MoS2 grown from molybdenum 
hexacarbonyl (MHC) and diethyl sulphide (DES) by MOCVD has been verified with excellent 
electronic properties and availability for wafer-scale coverage [2]. Thus, it is exciting to figure 
out the method for the monolayer MoS2 deposition with organic precursor, molybdenum 
hexacarbonyl (MHC) and hydrogen sulfide. In section 3.2, a unique method will be reported 
together with optical readout of the flake obtained.  
1.2 Monolayer WSe2 by chemical vapor deposition (CVD) 
Semiconducting transition metal dichalcogenides (TMDCs) have attracted a lot of attention 
recently because of their interesting electronic, optical, and mechanical properties. Among large 
numbers of TMDCs, monolayer tungsten diselenide (WSe2) is of particular interest since it 
possesses a direct band gap and tunable charge transport behaviors, which make it suitable for a 
variety of electronic and optoelectronic applications [3-5]. Direct synthesis of large domains of 
monolayer WSe2 and their growth mechanism studies are important steps toward applications of 
WSe2. Here, we report systematic studies on ambient pressure chemical vapor deposition (CVD) 
growth of monolayer and few-layer WSe2 flakes directly on silica substrates. The WSe2 flakes 
were characterized using optical microscope and Raman spectroscopy, and photoluminescence 
spectroscopy. We investigated how growth parameters, with emphases on growth temperatures 
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and durations, affect the sizes, layer numbers, and shapes of as-grown WSe2 flakes. We also 
demonstrated that transport properties of CVD-grown monolayer WSe2, similar to mechanically 
exfoliated samples, can be tuned to either p-type or ambipolar electrical behavior, depending on 
the types of metal contacts. These results deepen our understanding of the vapor phase growth 
mechanism of WSe2, and may benefit the uses of these CVD-grown monolayer materials in 
electronics and optoelectronics. 
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2. Literature Review 
 
2.1 Role of the seeding promoter in monolayer MoS2 synthesis 
Ling et al. [6] is the first study of the growth of MoS2 and WSe2. The study investigates the 
effects of different seeding promoters and the seed concentration. It also comprehensively and 
systematically illustrates the promotion by seeds and introduces its diffusion effect, providing 
many useful ideas for our research.  
Photoluminescence (PL) and Raman spectroscopy indicate that by using perylene-3, 4, 9, 10-
tetracarboxylic acid tetra potassium (PTAS) seeding promoter, MoS2 monolayer can be obtained 
easily. Without the promotion of seeding promoters, weaker intensity of PL was observed. The 
comparison between two cased was illustrated.  
The diffusion effect was illustrated by using a promoter substrate placed upstream. The 
monolayer MoS2 grew in the regions away from the seeding pattern, and there was a gradient 
dependence between nucleation density and distance from the promoter substrate. 
The comprehensive investigation collected the information from the growth using different 
aromatic molecules including organic and inorganic seeding promoters. The PTAS delivered the 
best result, promoting larger coverage and excellent quality of MoS2. 
2.2 Growth mechanism study on WSe2 
Liu et al. [7] introduce a method for WSe2 monolayer deposition on Si/SiO2 substrate.  
They first note the defects in the as-grown WSe2 by providing the Raman data and suggest 
insufficiency of Se may lead to defects during the formation of WSe2. Also, the different 
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termination with W or Se atom may lead to different morphology. Here the outward curved 
edges and hexagon deposition were observed.  
Secondly, they discuss the influence of growth parameters such as temperature and growth time. 
The morphology change at different temperatures and different durations was observed. The 
growth temperature and growth duration have significant effects on the sizes, layer numbers and 
shapes of WSe2 flakes, providing the approach to obtain the larger grains with high quality. The 
results were verified with optical images and photospectroscopy data.  
Liu et al. provide the motivation for my project aimed at optimizing WSe2 growth according to 
growth condition.  
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3. Description of Research Results 
 
3.1 Morphology changes of MoS2 by CVD with flow rate of argon (Ar) and growth 
time 
A three-zone MTI furnace was used for MoS2 growth by CVD. For the MoS2 growth by CVD, 
the flow rate of Ar and growth time are the key effects on the morphology of MoS2. The 
different combinations of Ar flow rate and growth time lead to different morphologies of MoS2 
deposition. From observation and validation, the increase of growth time can lead the crystal to 
extend horizontally and increase in size; and flow rate of Ar in sccm (standard cubic centimeter 
per minute), with varying the concentration and partial pressure of Ar, leads to increased 
nucleation density, stack of layers and thick layers. The detailed operation setup is provided in 
the Appendix and it is similar to the procedure for WSe2 growth. 
The temperature programming process of growth is illustrated in Figure 1. 
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Figure 1 The temperature programming process of growth       
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The trial was taken in four different conditions. The morphologies in each case are summarized 
in Table 1. The morphology changes at different temperatures and different Ar flow are clear.   
Table 1 Morphology changes under different flow rates of Ar and growth time 
              flow rate of Ar (sccm)                                          
 
Time (min) 
15 400 
10 Small grains, smaller than 5 µm in size 
Small grains merge 
into continuous layer, 
separate grains 
appeared to be larger 
30 
At the edge of 
substrate, multilayered 
flakes emerged from 
the edge of crystal 
Continuous layer 
formed, and stacked 
layer onto continuous 
layer 
 
From comparison of the set of optical images (Figure 2), triangular crystals extend horizontally 
when growth duration increases from 10 min to 30 min. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Horizontal extension trend from increase of growth time. (a) 10 min, 15 sccm Ar. (b) 10min, 400 
sccm Ar. (c) 30 min, 15 sccm Ar. (d) 30 min, 400 sccm Ar. 
a b 
c d 
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From comparison of the set of optical images (Figure 3), we observe that crystals start to stack 
vertically when growth duration increases from 10 min to 30 min, and single crystals merge into 
a continuous layer with huge increase of nucleation density when Ar flow increases from 15 
sccm to 400 sccm. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Vertical and horizontal extension trend from increase of growth time and increase of Ar. (a) 10 min, 
15 sccm Ar. (b) 10 min, 400 sccm Ar. (c) 30 min, 15 sccm Ar. (d) 30 min, 400 sccm Ar. 
As can be seen from the optical images of sample in each case, the extreme condition of 400 
sccm Ar for 30 min provides the clear crystal growth horizontally and vertically. The 
investigation of morphology sensitivity to the temperature and Ar flow helps to find the way to 
grow monolayer WSe2, which will be discussed in the next chapter. The reported trend might be 
a b 
c d 
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not too similar to the growth mechanism in MOCVD, but the approach did provide the idea for 
the improvement of the formation of crystals during MOCVD. 
 
3.2 Monolayer MoS2 growth by MOCVD 
3.2.1 Experiment setup  
A three-zone MOCVD furnace was used to perform the synthesis of monolayer MoS2. The 
growth was conducted in vacuum pressure between 4 and 8 Torr. The growth temperature was 
600 °C and growth time was 300 min. The flow rates of precursors were 50 sccm for Ar, 0.5 
sccm for H2, 0.2 sccm for molybdenum hexacarbonyl (MHC) and 4 sccm for H2S. The Si/SiO2 
substrate with 285 nm SiO2 was used for the growth and prepared by piranha cleaning (detailed 
cleaning procedure is introduced in the Appendix). 
Typically, the sliced wafer was vertically placed in the wafer boat to increase the contact area 
between the substrate and precursor. Thus, the greater contact promotes the deposition of MoS2. 
The boat was loaded into the center zone.  
The temperatures of the three furnace zones were set to be the same. The growth temperature 
was ramped up as follows: initially, the temperature was ramped at 10 °C/min to 120 °C and held 
for 20 min to evaporate water residue inside the tube. Then, temperature was ramped at 15 ° 
C/min to 600 °C and held at this temperature for the growth.  
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3.2.2 Result of growth by MOCVD and discussion 
  
 
Figure 4 Optical image of the first-time flake deposition  
The first-time monolayer deposition (Figure 4) was achieved with the flow of 0.3 sccm MHC, 9 
sccm H2S, 0.5 sccm H2 and 50 sccm Ar and 300 min duration. The trial shows reproducibility 
and the product has large deposition but not completely triangular crystals from bottom to center 
of the substrate. The size of crystals decreases gradually from bottom to center. The size of 
triangles at the bottom of the substrate is around 5-10 µm and it becomes less than 1 µm at the 
center of the substrate. The deposition has been verified to be monolayer MoS2 but it has limited 
optical quality.  
According to the optical image of the sample, the triangle crystals are uncompleted and the edges 
of triangles are curved inward. The previous study on the synthesis of monolayer MoS2 provided 
the explanation for the inward curved edges and small dimensions [6]. It suggested that flow of 
Ar and growth duration greatly affect the size and shape of crystals. Thus, another trial was taken 
by decreasing the flow rate of Ar from 50 sccm to 25 sccm and increasing the growth duration 
from 300 min to 540 min. The optical result in Figure 5 shows that the nucleation density 
increases and the coverage of triangle crystals extends to most of the bottom (Figure 5). 
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Compared to the previous product with 50 sccm flow of Ar and 300 min growth duration which 
has very little deposition in the middle of the substrate, the noticeable deposition extends the 
coverage to the middle of the substrate and appears as small grains (Figure 6). 
  
 
   
 
 
 
 
 
Figure 6 Morphology trend from bottom to center. (a) Center, (b) center toward bottom, (c) bottom, and (d) 
correlated position looked at from top with respect to (a), (b) and (c). 
a 
a b
b
c 
b c 
d e 
d 
Figure 5 Morphology trend from bottom-center to bottom-right. (a) Bottom center, (b) bottom center toward 
bottom right, (c) bottom toward bottom right further, (d) bottom right corner and, (e) correlated positions 
looked at from top with respect to (a), (b), (c) and (d). 
b c d 
a 
a 
b 
c 
 
a b c 
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3.2.3 Raman spectroscopy and photoluminescence spectroscopy of MoS2 
Raman and PL spectra confirm the quality of the material grown. Raman and PL are consistent 
with previous reports for single layer MoS2.  The spacing between A1g peak and E2g peak is 
approximately 19 cm-1 (Figure 7). PL spectrum has high intensity at 1.86 eV, consistent with the 
single layer direct bandgap of MoS2 at 1.8 eV [8-10]. Both A and B excitons are noticeable 
(Figure 8). 
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Figure 7 Raman spectroscopy of monolayer MoS2 
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Figure 8 Photoluminescence spectroscopy of MoS2 
 
 
3.2.4 Comparison between CVD and MOCVD, solid precursor and gas precursor  
Normally, the quantity of solid precursor supplied to CVD is very hard to control precisely.  The 
vaporization of sulfur precursor greatly relies on the preset zone temperature. Thus, it is hard to 
quantify how much the solid precursor is vaporized and supplied to the growth period. In 
comparison, MOCVD can realize the constant supply of gas precursor or solid precursor by 
setting the flow rate of each in the control panel.    
Despite PTAS having demonstrated its ability to enhance Raman spectrum intensity [6], it will 
bring many restrictions to the processing in the next steps. For instance, the piranha cleaned 
substrate with PTAS cannot involve the use of water during processing. In contrast, the single 
crystals or even continuous monolayer with high quality can be achieved by MOCVD without 
PTAS [6]. It has been partially verified by previous trials because monolayer MoS2 has been 
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grown without PTAS, but the growth product still needs further improvement in quality, 
morphology and distribution.  
Besides the difference reported above, other basic differences are summarized in Table 2. 
                                  Table 2 Comparison between solid precursor and gas precursor 
 H2S S powder 
Pressure (Torr) 1-10  760 
Growth time (min) 300-720 5-30 
Grain size (µm) 5-10 20  
Distribution Uniform in nucleation density Uniformity depend on PTAS 
 
 
3.3 Monolayer WSe2 growth and electrical characterization 
3.3.1 Growth setup and general operation procedure  
One zone furnace was used for CVD growth of WSe2. The schematic of our CVD setup is shown 
in Figure 9. Specifically, Se powders (300 mg, 99.5%, Sigma-Aldrich) were placed in the edge 
of the zone at upstream, and WO3 powders (150 mg, 99.9%, Sigma-Aldrich) were placed in the 
left side of the center of the zone. The distance between the two sources was tuned and optimized 
at approximately 20 cm. If the Se is too close to the WO3 holder, the distribution of Se flow over 
the WO3 will lead to nonuniform deposition. A 2-inch quartz reaction tube was firstly flushed 
with 100 sccm Ar for 30 min, and then the furnace was ramped to the designed temperature at a 
ramp rate of 30 °C/min. The temperature of WO3 was optimized at 875 °C and growth time can 
be varied from 5 min to 15 min or even longer. The growth substrates were silicon wafers with 
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285 nm SiO2, which were placed face down on top of the WO3 powders. During the growth, the 
flow rate of Ar/H2 was optimized at 70/20 sccm, and the growth was taken at ambient pressure. 
After reaction, the furnace naturally cooled down to below 200 °C under 20 sccm Ar, and then 
the sample would be ready to remove for electrical characterization. 
 
 
 
 
 
3.3.2 Differences in CVD between MTI and TMD furnace  
There are three major differences between MTI and TMD furnace during growth： 
1. The TMD furnace has only one zone. It needs manually adjustment of the vapor temperature 
of Se by changing the position of WO3 powder and boat. 
2. The use of reductive species like H2 or sulfur will facilitate sublimation of WO3-x to increase 
its concentration in vapor phase [11,12] and thus promote WSe2 growth.  
3. Physical dimensions of MTI furnace and TMD furnace are greatly different, necessitating 
separate consideration of the flow rate of Ar applied to growth. 
3.3.3 Approach toward monolayer WSe2 growth  
To achieve the monolayer WSe2 deposition, several growth parameters must be considered, 
including pressure, flow rate of H2, amount and location of precursor and amount of PTAS 
coating. The general approach was to start with the parameters from previous reports [7] and 
Ar/H2 To pump 
Figure 9 Schematic of TMD CVD setup 
WO3 Se powder 
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adjust each parameter by the analysis of experiment data and results. Following are experiment 
results and discussion of each growth parameter. 
1. Change growth temperature  
Some thick crystals were first found at 975 °C. Since WO3 will be more volatile at high 
temperature, more WO3-x will vaporize and form thick layers. Thus, decrease in temperature is 
supposed to be an approach to grow few-layer crystals. 
As expected, the experiments done at 925 °C and 875 °C show a morphology change from 
multilayer and thick crystals to monolayer crystals (Figure 10). 
 
 
 
Figure 10 Optical images at different temperature. (a) 975 °C, (b) 925 °C, and (c) 875 °C. 
a 
b 
c 
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2. Quantity of WO3  
In the last section, monolayer deposition was obtained at 875 °C with 50/15 sccm flow of Ar/H2. 
Thus, further work primarily focused on other growth parameters. 
The quantity of WO3 also affects the morphology of deposition.  Increasing the quantity of WO3 
causes multilayer flakes to stack on monolayer flakes. As the amount of WO3 was increased from 
100 mg to 200 mg, the edges of crystals started to form thick layers while the area between the 
center and edges of crystals was still monolayer (Figure 11). In addition, bilayer and thick layers 
appeared again. If the quantity is continuously increased while keeping the other parameters the 
same, more thick layers will appear.  
  
 
 
Figure 11 Optical images of samples grown with different quantities of WO3. (a) 100 mg, (b) 150 mg, and (c) 
200 mg. 
a 
b
b 
c 
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3. Pressure  
Several trials were made under low pressure by connecting the furnace to a vacuum pump. 
However, the products had very little deposition on the substrate; grains were small, presumably 
due to reduced concentrations of reactants at low pressure. Then the general approach switched 
to growing under ambient pressure. The morphology started to change, with thick and small 
crystals deposited at 975 °C. 
4. Hydrogen  
It has been confirmed with several trials that no flake will be deposited onto substrate without 
H2. These trails verify previous thermodynamic calculations showing that the selenization 
reaction of WO3 is only possible with the presence of hydrogen [11-13]. The chemical reaction 
occurring during the selenization of WO3 is as follows:         
(3.1)                                                                      
The quantity of hydrogen for the growth greatly affects the size and number of layers deposited 
on the substrate. On the one hand, if the flow of H2 is too high, the reduction of WO3 to W 
proceeds very efficiently. The rate of WO3-x evaporation becomes slower and leads to the 
formation of small monolayer crystals (Figure 12). On the other hand, if the flow rate of H2 is too 
low, the reduction from WO3 to WO3-x will be inefficient, and lead to little deposition (Figure 
12). 
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Figure 12 Optical images of samples grown with different flow rates of H2. (a) and (b) 20 sccm, (c) 15 sccm, 
and (d) 25 sccm. 
                   
5. The ratio of flow rate between Ar and H2 
The Ar/H2 ratios tried were from 4:1, 10:3, 3:1, and 12:5. The trend was not clear from 
comparison of optical images in each case. However, the nucleation density was observed to 
increase with increased concentration of H2. Additionally, increased presence of H2 would 
initiate the multilayer deposition, which appeared as big purple dots on the monolayer and 
incomplete bilayer. 
Less H2 more H2 
a b
a 
c
a 
d
a 
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6. The flow rate of Ar applied to growth 
Increasing the flow rate of Ar while keeping the same ratio between Ar and H2 will increase the 
local nucleation density while sacrificing the grain size (Figure 13). If the flow rate of Ar was 
increased to 80 sccm while keeping the flow rate of H2 at 20 sccm, the nucleation density still 
increased. Small grains and thick crystals covered the entire substrate. 
 
 
 
Figure 13 Optical images of samples grown with different flow rates of Ar. (a) 60 sccm, and (b) 75 sccm. 
a 
b 
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7. The distance between the boats with precursor 
The distance between the boats with WO3 and H2 was optimized at 15-20 cm. If the boat with Se 
is too close to the boat with WO3, the distribution of Se vapor is nonuniform over the growth 
substrate and distribution of deposition is random and nonuniform. 
3.3.4 Optimized recipe and results 
Further optimization of the recipe was made according to previous optical images and 
observations. Large scale of monolayer deposition first appeared at 875 ⁰C with 5 min duration 
and with 60/20 sccm flow of Ar/H2. If 875 ⁰C was regarded as a reference, samples grown at 
higher temperature such as 925 ⁰C and 975 ⁰C were smaller, with thicker layers and higher 
nucleation density. Flakes grown at lower temperature such as 850 ⁰C were smaller but 
monolayer. The quantity of WO3 also needs to be kept at the appropriate balance. Keeping Se 
constantly supplied to the growth, the flakes grown with more WO3 normally were thicker. If 
flow rate of H2 was considered as a reference, both higher and lower flow rates would lead to 
undesired morphology because the reduction of WO3 was either too fast or too slow. If flow rate 
of Ar was regarded as a reference, the higher flow rate Ar would significantly increase the 
nucleation rate and provide more uniform distribution.  The sample grown with 60 sccm flow of 
Ar only showed large monolayer crystals at the edge of the substrate, and much smaller crystals 
at the center. When the flow rate was increased to 70 sccm, better uniformity and better crystal 
morphology were achieved. Even continuous monolayer emerged in this case. Then, a 
reproducibility check was made to verify the applied growth recipe (Figure 14). The growth was 
finally optimized with the following conditions: ambient growth pressure, growth temperature at 
875 ⁰C, growth duration of 10 -15 min, 150 mg and 300 mg of WO3 and Se, and 70/20 sccm flow 
of Ar/H2.  
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Figure 14 Optical images under 100x and 20x microscope collected from optimized recipe and trial for 
reproducibility. (a) and (b) First time optimization, and (c) and (d) double-check for reproducibility. 
 
3.3.5 Raman spectroscopy and photoluminescence spectroscopy of WSe2 
For Raman and PL measurement, we used 532 nm laser with D2 energy level for 60 sec 
acquisition. Figure 15 shows that the A1g and E2g peaks are at 253 cm-1 and 263 cm-1. Figure 16 
shows a 0.2 eV wide PL peak at 1.6 eV. It shows the flake is monolayer with good quality and 
consistent with previous reports about Raman and PL of monolayer WSe2 [11, 14].  
a b 
c d 
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Figure 15 Raman collected from monolayer WSe2 flake 
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Figure 16 PL collected from monolayer WSe2 flake 
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3.4 WSe2 device fabrication 
To investigate the electronic property of as-grown WSe2, we directly fabricated back-gated WSe2 
FETs on as-grown WSe2 monolayers.  
The general fabrication process can be summarized as follows: The alignment mark was first 
defined on the substrate by e-beam lithography. Then we used e-beam evaporation to deposit 
Ti/Au with 5 nm/40 nm thickness on the pattern defined by the last step as an alignment mark. 
The devices were fabricated by repeating the same procedure used to create the alignment mark. 
Ti/Au (5 nm/50 nm) was used for the metal contact of the device. The device measurements 
were conducted in room temperature first, and then in low temperature.  
Next, device measurements were conducted with variation of electronic parameters, primarily 
including Id-Vg curve with variation of Vd (Figure 17), Id-Vd curve with variation of Vg (Figure 
18) and Id-Vg curve with variation of temperature (Figure 19). According to the Id-Vg and Id-Vd 
curves, the device has strong field-effect signal and turn-on and turn-off properties with applied 
gate voltage. Also, applied with high back-gate voltages, the device behaves as a resistor because 
Id increases linearly with increasing Vd. According to the Id-Vg curve with variation of 
temperature, we see that Id decreases as temperature decreases and shows a strong dependence on 
the temperature. This dependence is expected because the mobility and mobile carriers change 
with temperature.  
Contact resistance, ܴ௖,  is calculated using following equation: 
                                                     ܴ௖ = 0.5(ܴସ௣௧ − ܴଶ௣௧×2.5)                                              (3.2) 
where ܴସ௣௧ is the resistance between two sensing terminals in a Hall-bar structure measured by 
the four-point resistance method, while ܴଶ௣௧ is the measured two-point resistance between 
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source and drain in the Hall-bar device. The four-point resistance, two-point resistance and 
extracted contact resistance are shown in Figure. 20. We can see that contact resistance is 
comparable to the four-point channel resistance, indicating contact resistance plays a significant 
role in these devices. 
The field-effect mobility is extracted from Id-Vg curves using the following equation: 
μிா =  
ூವ௚೘௅
ௐ ௏ವ஼೔
                                                            (3.3)    
where Id is the source to drain current, and gm is the partial derivative of Id with respect to back-
gate voltage. The extracted mobilities at various temperatures are shown in Figure 21(a) and the 
extracted mobilities at various back-gate voltages are shown in Figure 21(b). The mobility 
extracted from the two-point resistance increases dramatically with temperature, while the 
mobility extracted from four-point-resistance is nearly temperature independent (Figure 22). This 
can be explained by the influence of contact resistance on the mobility extraction. For two-
terminal devices, the contact resistance decreases as the temperature increases, which gives 
higher extracted mobility. For four-point resistance measurement, however, since contact 
resistance has been eliminated by measurement, the temperature dependence of the extracted 
mobility reflects the true temperature dependence of carrier scattering. This weak temperature 
dependence is probably due to short-range scattering in WSe2.   
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Figure 17 Id-Vg curve with variation of Vd from 100 mV to 800 mV 
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Figure 18 Id-Vd curve with variation of Vg from -50 V to -30 V with a step of 5 V 
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Figure 19 Id-Vg with variation of temperature from 25 K to 300 K with a step of 25 K and fixed Vd at 1 V        
(device dimensions: W = 3 µm, L = 0.5 µm) 
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Figure 20 Contact resistance with variation of temperature. (a) 50 K and (b) 5 K. (Device dimensions: W = 0.5 
µm, L = 5 µm, distance between sensing terminals = 2 µm.) 
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Figure 21 Field-effect mobility with different dependence. (a) Field-effect mobility versus Vg with variation of 
temperature and (b) field-effect mobility versus temperature with variation of gate voltage (device 
dimensions: W = 3 µm, L = 0.5 µm) 
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Figure 22 Effective mobility with variation of temperature extracted from (a) four-point-resistance and (b) 
two-point-resistance. (Device dimensions: W = 0.5 µm, L = 5 µm, distance between sensing terminals = 2 µm.) 
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4. Conclusion 
Uniformly distributed monolayer WSe2 is successfully obtained after systematic optimization of 
growth parameters. The coverage reaches across 2 cm × 1 cm wafers and the grain size reaches 
30 µm. The Raman, PL and AFM results confirmed that it is indeed monolayer. Transistors, 
Hall-bars and TLM structures were fabricated on monolayer WSe2 and characterized at various 
temperatures. The WSe2 transistors show clear p-channel characteristics, indicating that as-
grown WSe2 is naturally p-doped. We found that the hole mobility extracted from four-point 
resistance is much higher than that extracted from two-point resistance, indicating that contact 
resistance plays a significant role in the transistor transport. The temperature dependence of the 
carrier mobility extracted from four-point resistance is very weak, which may be attributed to the 
short-range scattering.  
We also investigated the synthesis of MoS2 by CVD and MOCVD method. We have 
successfully grown MoS2 using gas phase precursor H2S and molybdenum hexacarbonyl for the 
first time. This new method can potentially enable wafer-scale growth of TMDCs.  
These findings will serve as a foundation for the future research and development of nanoscale 
electronic and photonic devices based on TMDCs, which have a wide range of applications in 
energy-efficient electronics, implantable medical devices, and high-speed communications.  
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Appendix: Optimized MoS2 by CVD Operation Procedure 
 
  
Figure 23 MTI furnace and experiment setup 
(1)  Substrate preparation:  
Piranha cleaning is critical to ensure monolayer deposition, and not the deposition of multilayer 
or other undesirable allotropes. Also, a hydrophobic surface will also enhance the efficiency of 
transferring material in the future in. Therefore, the wafer cleaning procedure as follows:  
1. Standard degrease substrate with acetone and IPA, repeat three times.  
2. Soak degreased substrate in a 1:4 hydrogen peroxide/sulfuric acid solution (acid piranha) at 
room temperature. 
3. Then turn on the hot plate and set it to 88 ⁰C. Use two wipes to cover the hot plate. It will 
facilitate the uniform heat up of the substrate.  
4. Put piranha cleaned substrate onto hot plate and pre-bake for 5 min.  
5. Then use pipet to apply two droplets of PTAS solution to the substrate. Note: the PTAS 
droplet will naturally cover only part of the substrate; manually tilting the substrate will let the 
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PTAS cover the entire wafer. The covered solution will slowly shrink from edge to center and 
make a uniform coat of PTAS (if too fast, then decrease the hot plate temperature). 
(2) Precursor preparation: 
1. Use digital scaler (can be found in Film Stress/RTP lab in the cleanroom) to weight 50 mg of 
MoO3 powder and 300 mg of sulfur powder. 
2. Place measured precursor into two separate quartz crucibles, with the wafer facing down and 
lying in the lower level of customized sample holder or directly facing down on the ceramic 
boat. The sulfur crucible is placed 20 cm from the center of the first zone, where the MoO3 
crucible is placed in the second zone just the same as the placement in Figure 23. 
(3) Growth Setup: 
1. The growth is conducted in 15-20 sccm Ar flow after purging for 30 min at 450 sccm Ar flow. 
Note, it is recommended to turn on the furnace when the readout from the pressure gauge is 
below 40 Torr, which will be reached after roughly 30-40 min with high flow rate of Ar. The 
purging of furnace tube with Ar is very important to the monolayer deposition. 
2. The temperature is ramped as follows: Initially, ramp up the first and second zones to 110 ⁰C 
in 10 min and hold for 10 min to remove the humidity in the tube. Next, ramp the middle zone to 
730 ⁰C in 40 min. After a delay of 32 min, the left zone (containing the sulfur crucible) is ramped 
up to 200 ⁰C in 8 min. This is necessary to avoid the sulfur evaporating too early, before the 
MoO3 has started to vaporize. Both the first and second zones hold for 5 min. 
 
